Intramolecular aromatic carbonyl-ene reaction (ICE) † has been combined with a modified Hauser annulation to offer a facile access to the tetracyclic idarubicinone core. The required key dihydroxyanthraquinone aldehyde precursor was assembled in one step by modified Hauser annulation of a functionalized benzoquinone. Its ene reaction in the presence of SnCl 4 ·5H 2 O directly led to the formation of idarubicinone core. Also described are an unprecedented thermal cascade involving a thermal ICE en route to α-naphthols, and exploratory studies on model elaboration of anthracycline A rings. † By "aromatic carbonyl-ene reaction" we mean those reactions in which an aromatic ring is embedded in the transition state of a carbonyl-ene reaction. 
Introduction
The type-II intramolecular carbonyl-ene reaction (ICE) shown as eqn. 1 in Scheme 1 is an established process in the organic synthesis. [1] [2] It has allowed total synthesis of many bioactive natural products. [3] [4] [5] [6] [7] [8] However, its aromatic version (eqn. 2, Scheme 1) discovered in 1983 by Hauser and Mal in conjunction with their work on the total synthesis of (±)-γ-citromycinone, has been limited to anthracyclines. [9] [10] [11] [12] [13] [14] [15] It is a significant advancement in the area of ICE, in view of its success despite the conformational constraint imposed by a benzene ring. Furthermore, the placement of the benzylic hydroxyl group in the product obviates the problems of benzylic bromination under radical conditions on a large scale. 16, 17 However, its application to simple naphthalenes and anthracenes are problematic due to the susceptibility of the incipient ene products to aromatization. In a recent report 18 from our laboratory, we have demonstrated that the ICE can be manoeuvred to prevent aromatization of the ene products, thus permitting synthesis of non-aromatized ene products i.e. hydroaromatic products. We also included development of a synthesis of ortho methallylbenzaldehydes based upon Suzuki coupling reactions.
Scheme 1.
Type II carbonyl-ene reaction.
In seeking an application of the aromatic ICE in developing a simpler route to anthracyclines 1-5 ( Figure 1 ), the most widely used anticancer drugs [19] [20] [21] [22] , we chose to assemble the tetracycline framework of idarubicinone (3) as shown in Scheme 2. The salient features of the retrosynthesis are i) modified Hauser annulation of 6 and 7 to assemble dihydroxy intermediate 8 and ii) its direct use as the ene substrate to produce tetracyclic intermediate 9.
It may be mentioned that the reactivity of the 1,4-dimethoxy analog of quinone 8, prepared by Claisen rearrangement, was examined towards the aromatic ICE. 23 No further elaboration was attempted probably due to the problem with deprotection of the aromatic methoxy groups without affecting the A-ring.
In devising the synthesis of 3, we, therefore, envisioned investigations with dihydroxy intermediate 8.
It was anticipated that the corresponding ene product i.e. 9 would be sufficiently stable due to intramolecular hydrogen bonding for further elaborations without resorting to a deprotection. In this study, the potential of the aromatic ICE approach in creating an asymmetric centre at C7 position of anthracyclines is proposed. Asymmetric epoxidations or hydroxylations or nucleophilic additions can be invoked for further elaborations, as indicated in Scheme 2. Asymmetric dihydroxylation of the ene product 9 is proposed to give 10 and then 3. In the second approach, tetracycle 11 is expected to produce compounds 12 and 13 and 3 (Scheme 2). 
Results and Discussion
To perform a model study of idarubicinone (3) utilizing Hauser annulation, we first decided to synthesize the Michael acceptor 14 (cf 7, Scheme 2) (Scheme 3). This proposal stemmed from our previous study on the For an alternative route to 20, we examined the possibility of Claisen rearrangement of a related aldehyde precursor, and for the model study we chose aldehyde 21 26 (Scheme 4).
Scheme 4. Thermal rearrangement of aldehyde 21.
When it was heated in refluxing DMF, the desired Claisen product was not obtained. Instead, the reaction resulted in formation of three products 22 (4%), 23 (7%) and 24 27 (23%) (Scheme 4). Formation of the naphthol 22 is accounted for by Claisen rearrangement of 21 to intermediate 25 followed by thermal ICE of 25 through 26 to 27, its dehydration and isomerization. The formation of 23 is very striking in that its formation must involve a reduction, since there is a decrease in the oxidation level. 28 The probable mechanism is shown in Scheme 5, where DMF acts as the hydride donor. The structure of 23 is further confirmed by transforming it into its acetate. It may be noted that the product 23 was not obtained when the reaction was carried out in 1,2-dichlorobenzene. Formation of 24 is explicable in terms of its Claisen rearrangement of 21 followed a 5-exo-trig cyclization of 25.
Scheme 5. Proposed mechanism for the transformation of 21 to 23.
In view of the problems with above Claisen rearrangement methodology, the synthesis of quinone 14 was started from the known aldehyde 28. 18 It was converted into quinone 14 in two steps. noteworthy that the dihydroxylation produced only one diastereomer. Ozonolysis of the ene product 34 followed by treatment with triphenylphosphine did not furnish product 37. Instead, it produced aromatized product β-naphthol (38). But, its silyl derivative 39, prepared by silylation with TBSCl/imidazole gave 40 in 65% yield on ozonolysis. It is sufficiently stable for a chromatographic purification (Scheme 8).
Scheme 8.
Model study for functionalization of tetralin skeleton of anthracyclines.
Conclusions
The modified Hauser annulation i.e. annulation of phenylthiophthalides with 1,4-quinones was combined with aromatic carbonyl-ene reaction to pave a simple entry to tetracyclic core of anthracyclines. Noteworthy is the fact that tetracycle 11 with free phenolic -OH group is not very sensitive to aromatization, and it should be amenable to selective dihydroxylation.
Experimental Section
General. All reactions utilizing moisture-sensitive reagents were performed under an inert atmosphere. All solvents namely DMF, DCM, THF, MeOH etc. were dried prior to use, according to the standard protocols. Melting points were determined in open capillary tubes and are reported as uncorrected. TLC was carried out on precoated plates (silica gel 60 F 254 ), and the spots were visualized with UV and fluorescent lights. Column chromatography was performed on silica gel (60-120 or 230-400 mesh). NMR spectra for all the compounds were recorded at 200/400/600 and 50/100/150 MHz (Bruker AVANCE 200, Bruker Ultrashield TM 400, Ascend TM 600), respectively. IR spectra were recorded with a Perkin-Elmer FTIR instrument using a KBr pellet. HRMS spectra were obtained on XEVO-G2QTOF machine. The phrase "usual work-up" or "worked up in the usual manner" refers to washing of the organic phase with water (2 x 1/4 of the volume of the organic phase) and brine (1 x 1/4 of the volume of the organic phase), drying (Na 2 SO 4 ), filtration, and concentration under reduced pressure.
Methyl 2-hydroxy-5-(2-methylallyloxy)benzoate (15).
To a stirred solution of methyl 2,5-dihydroxybenzoate (4 g, 23.8 mmol) in acetone (10 mL) potassium carbonate (3.2 g, 23.8 mmol) was added and stirred for 15 min. To this mixture methylallyl bromide (3.6 mL, 35.7 mmol) was added and stirred for 2.5 h. After the completion of the reaction, the mixture was concentrated under vacuum to remove excess acetone. The reaction mixture was then diluted with water and extracted with ethyl acetate (2 × 100 mL). The combined extracts were washed successively with water (50 mL), saturated aqueous solution of sodium thiosulfate (20 mL), brine (50 mL), dried (anhydrous Na 2 SO 4 ), filtered and concentrated under reduced pressure. 
Methyl 3,6-dihydroxy-2-(2-methylprop-2-enyl)benzoate (16).
Compound 15 (4 g, 18.0 mmol) was dissolved in DMF (7 mL) and heated at reflux for 10 h. After completion of the reaction the reaction mixture was diluted with water (10 mL) and extracted with ethyl acetate (2 × 100 mL). The combined extracts were washed successively with water (50 mL), brine (50 mL), dried (anhydrous Na 2 SO 4 ), filtered and concentrated under reduced pressure. Column chromatography of the residue afforded ester 16 as white solid but in impure form. Since this compound was susceptible to aerial decomposition and could not be purified, it was directly subjected to methylation. R f (1:3 EA/hexane) 0. 4 (19) . Dihydroxy compound 16 (0.67 g, 3.0 mmol) was dissolved in dry acetone (20 mL) under N 2 -atmosphere. To this solution were added dry K 2 CO 3 (2.1 g, 15 mmol) and Me 2 SO 4 (0.57 mL, 6 mmol; freshly washed with cold water (10 mL), saturated NaHCO 3 solution (15 mL), brine (15 mL) and dried over anhydrous K 2 CO 3 ). After 2 h of reflux, on completion of the reaction, the inorganic salts were filtered and the filtrate was concentrated. The residue was diluted with ethyl acetate (15 mL), treated with Et 3 N (6 mmol) at room temperature and stirred for 30 min. The reaction mixture was then diluted with ethyl acetate (50 mL), washed with water (15 mL) and 5% aq. HCl solution (15 mL) then subjected to usual work-up (drying over anhydrous Na 2 SO 4 and concentrating under reduced pressure) to obtain a crude residue. The crude product was purified by column chromatography on silica gel to furnish pure oil 19 in 36% yield over two steps. R f (1:3 EA/hexane) 0. Hydroxy-3,3-dimethyl-1-oxoisochroman-5-yl acetate (18) . Et 3 N (0.06 mL, 0.77 mmol) was added to a solution of 17 (80 mg, 0.38 mmol) in dry CH 2 Cl 2 (3 mL) and stirred for 10 min. Acetyl chloride (0.05 mL, 0.77 mmol) was drop-wise added to this mixture at 0 °C and allowed to stir for 2.5 h at room temperature. The reaction was quenched with water (5 mL) and extracted with CH 2 Cl 2 (50 mL). The combined extracts were successively washed with water (10 mL), brine (10 mL), dried (anhydrous Na 2 SO 4 ), filtered and concentrated under reduced pressure. Column chromatography of the residue afforded 18 as a white solid (80 mg, 83% 
4-Methoxy-3-(2-methallyloxy)benzaldehyde (21)
. 26 To a stirred solution of isovanillin (8.8 g, 57.9 mmol) in dry acetone (300 mL) was added solid K 2 CO 3 (8.0 g, 57.9 mmol) at 0 °C followed by addition of methallyl bromide (8.8 mL, 86.9 mmol). The reaction mixture was stirred for 24 h and filtered. The filtrate was concentrated and extracted with ethyl acetate (250 mL). Organic layer was washed with H 2 O (3 x 100 mL) and brine (100 mL). 25 To a stirred solution of compound 28 (0.44 g, 2 mmol) in THF (10 mL) and MeOH (3 mL) at 0 °C was added NaBH 4 (84 mg, 2.2 mmol) in portions. The resulting mixture was stirred at rt for overnight. Then it was quenched with saturated NH 4 Cl (3 mL). Extraction of the reaction mixture with EA (3 x 10 mL) followed by drying over Na 2 SO 4 and removal of solvent gave a residue. Flash column chromatography of the residue on silica gel with 1:2 EA/hexane solvent afforded product 20 (0.38 g, 1.72 mmol) as colorless liquid in 86% yield.
2-Hydroxymethyl-3-(2-methylprop-2-enyl)-1,4-benzoquinone (14).
To a stirred solution of 20 (280 mg, 1.26 mmol) in acetonitrile (7 mL), solution of cerric ammonium nitrate (2.07 gm, 3.78 mmol) in water (7 mL) was added drop-wise and stirred for 1 h. Then the reaction mixture was extracted with ethyl acetate (2 x 50 mL). The combined extracts were washed successively with water (25 mL), brine (25 mL), dried (anhydrous Na 2 SO 4 ), filtered and concentrated under reduced pressure. Column chromatography of the residue afforded 14 (160 mg, 66% 
2-(2-Methylprop-2-enyl)-3-(tetrahydropyran-2-yloxymethyl)-1,4-benzoquinone (29).
To a stirred solution of 14 (40 mg, 0.21 mmol) in dry dichloromethane (5 mL) were added dihydropyran (0.04 mL, 0.42 mmol) and a catalytic amount of PPTS and stirred for 3 h. Then the reaction mixture was extracted with ethyl acetate (50 mL). The combined extracts were washed successively with water (10 mL), brine (10 mL), dried (anhydrous Na 2 SO 4 ), filtered and concentrated under reduced pressure. 
1,4-Dihydroxy-2-(2-methylprop-2-enyl)-3-(tetrahydropyran-2-yloxymethyl) anthraquinone (32

